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ABSTRACT
The strong, electromagnetic and mixed strong-electromagnetic amplitudes of the 휓(2푆) decays into
baryon-anti-baryon pairs have been obtained by exploiting all available data sets in the framework of
an effective Lagrangian model.
We observed that at the휓(2푆)mass the QCD regime is not completely perturbative, as can be inferred
by the relative strength of the strong and the mixed strong-electromagnetic amplitudes. Recently a
similar conclusion has been reached also for the 퐽∕휓 decays.
The relative phase between the strong and the electromagnetic amplitudes is 휑 = (58 ± 8)◦, to be
compared with 휑 = (73 ± 8)◦ obtained for the 퐽∕휓 .
On the other hand, in the case of the 휓(2푆) meson, different values of the ratio between strong and
mixed strong-electromagnetic amplitudes are phenomenologically required, while for the 퐽∕휓 meson
only one ratio was enough to describe the data.
Finally, we also observed a peculiar behavior of the mixed strong-electromagnetic amplitudes of the
decays 휓(2푆)→ Σ+Σ− and 휓(2푆)→ Σ−Σ+.
1. Introduction
Since their discovery, the 푐푐 mesons, the so-called char-
monia, have been representing unique tools to expand our
knowledge on the dynamics of the strong interaction at vari-
ous energy ranges. The hadronic decays of the 퐽∕휓 meson,
a charmonium with quantum numbers 퐼퐺(퐽푃퐶 ) = 0−(1−−),
mass푀퐽∕휓 ≃ 3.1GeV andwidthΓ퐽∕휓 ≃ 9.3 ⋅ 10−5 GeV [1],have been deeply investigated. Recently, it has been found
that they occur halfway between the perturbative and non-
perturbative QCD regime [2]. Moreover, it has been shown
that the mixed strong-electromagnetic (strong-EM) ampli-
tude of the 퐽∕휓 decays is not always negligible [3].
The procedure to single out the strong, the EM and themixed
strong-EM amplitudes of the decay of a charmonium state
into baryon-anti-baryon () pairs belonging to the spin-
1/2 SU(3) baryon octet has been defined and implemented
for the first time in the case of the 퐽∕휓 meson [2].
Such a procedure is based on an effective Lagrangian con-
taining SU(3) symmetry breaking terms, depending on a set
of coupling constants to be determined by means of a 휒2
minimization.
The whole data sets available in the PDG [1], together with
new results provided by the BESII Collaboration [4] have
been used.
In the case of the 퐽∕휓 , the strong, the EM and the mixed
strong-EM contributions to the total branching ratio (BR),
as well as a strong-EM relative phase of (73± 8)◦ have been
determined [2].
The 휓(2푆) meson is a charmonium with the same quantum
numbers of the 퐽∕휓 meson, i.e., 퐼퐺(퐽푃퐶 ) = 0−(1−−), mass
ORCID(s):
푀휓(2푆) ≃ 3.7 GeV and width Γ휓(2푆) ≃ 2.9 ⋅ 10−4 GeV [1].
The 휓(2푆) →  decays, where  is a spin-1/2 baryon of
the SU(3) octet represented by the matrix
퐵 =
⎛⎜⎜⎜⎝
Λ∕
√
6 + Σ0∕
√
2 Σ+ 푝
Σ− Λ∕
√
6 − Σ0∕
√
2 푛
Ξ− Ξ0 −2Λ∕
√
6
⎞⎟⎟⎟⎠ ,
can be studied by means of the same procedure developed
and successfully implemented in the case of the 퐽∕휓 me-
son.
However, even though in the framework of the same pro-
cedure and despite their common nature of charmonia, the
decay mechanisms of the two mesons 퐽∕휓 and 휓(2푆) have
different characteristics. This is also proven by the different
angular distributions of the final baryons in the processes
푒+푒− → 퐽∕휓 → Σ0Σ0 and 푒+푒− → 휓(2푆) → Σ0Σ0,
observed by the BESIII Collaboration [4] and discussed in
Ref. [5].
2. Effective Lagrangian
The effective Lagrangian  used for the 휓(2푆) .decays
into baryon-antibaryon pairs can be written as [2]
 ∝ Tr(퐵퐵) + [symmetry breaking terms] ,
where the SU(3) symmetry breaking terms are due to EM
and quark mass difference effects. The EM breaking effects
depend on the quark coupling with the photon given by
푞훾휇ΛE푞 ≡ 23푢훾휇푢 − 13푑훾휇푑 − 13푠훾휇푠 ,
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so that, the matrix Λ퐸 turns out to be the following combi-nation of the third and the eighth Gell-Mann matrices
ΛE =
1
2
(
휆3 +
휆8√
3
)
.
Similarly, the quark mass difference breaking effects are re-
lated to the mass term
푞ΛM푞 ≡ 푚푢푢푢 + 푚푑푑푑 + 푚푠푠푠 ,
and the correspondingmatrixΛ푀 , in terms of theGell-Mannand the three-dimensional identity matrices, has the form
ΛM = 푚0퐼3 +
푚푑 − 푚푠√
3
휆8 +
푚푢 − 푚푑
6
(
2퐼3 + 3휆3 +
√
3휆8
)
,
where
푚0 =
푚푢 + 푚푑 + 푚푠
3
.
We keep the SU(2) symmetry exact, assuming that푚푢 = 푚푑 ,so that
ΛM = 푚0퐼3 +
푚푑 − 푚푠√
3
휆8 , 푚0 =
2푚푑 − 푚푠
3
.
Therefore, the SU(3) symmetry breaking terms are related
to the so-called spurion matrices
푆푒 = 푔푒ΛE , 푆푚 = 푔푚
(
ΛM − 푚0퐼3
)
,
where 푔푒 and 푔푚 are the coupling constants. The full La-grangian is obtained by adding to the leading term propor-
tional to Tr(퐵퐵), additional terms proportional to [6]
Tr
(
{퐵,퐵}푆
)
, Tr
(
[퐵,퐵]푆
)
,
where 푆 ∈ {푆푒, 푆푚}.
3. Amplitudes separation
The amplitude for the decay 휓(2푆)→ , where is
a baryon-antibaryon pair of the SU(3) octet, can be written
as
 = 푔푔푔 +푔푔훾 +훾 ,
where 푔푔푔 , 훾 and 푔푔훾 are the strong, the EM and themixed strong-EM amplitudes, related to the Feynman dia-
grams shown in Fig. 1.
Following Ref. [2], we parametrize the three amplitudes for
each final state as shown in Table 1. The parameter 퐺0 isrelated to the SU(3) exact symmetry; 퐷푚 and 퐹푚 accountfor the quark mass difference breaking term; 퐷푒 and 퐹푒 forthe EM one; 휑 is the relative phase between strong and EM
amplitudes.
The mixed strong-EM amplitudes is vanishing for the decays
into neutranl particles [8, 9, 2].
Due to the peculiarity of the 휓(2푆) meson we consider two
ratios between mixed strong-EM and strong amplitudes, in-
stead of a single one as in the 퐽∕휓 case. Indeed, we separate
Figure 1: Feynman diagrams of the strong EM and mixed
strong-EM contributions for the decay 휓(2푆)→ .
the four decays with a non-zero mixed contribution in two
groups that differ by the number of strong correction param-
eters, namely
 = 푝푝, Ξ−Ξ+ → 푔푔푔 ∝ 퐺0 −퐷푚 ± 퐹푚 → 푅1 ,
 = Σ+Σ−, Σ−Σ+ → 푔푔푔 ∝ 퐺0 + 2퐷푚 → 푅2 ,
(1)
hence 푅1 and 푅2 are the ratios
푅1 =
푔푔훾푝푝
푔푔푔푝푝 =
푔푔훾
Ξ−Ξ+푔푔푔
Ξ−Ξ+
, 푅2 =
푔푔훾
Σ+Σ−푔푔푔
Σ+Σ−
=
푔푔훾
Σ−Σ+푔푔푔
Σ−Σ+
.
This choice is also phenomenologically suggested by the data
as we will see later.
Asymptotically these ratios are real and, once normalized by
the electric charge, have the same value, as predicted by the
perturbative QCD (pQCD) [7]
|푅pQCD(푞2)| ∼
푞2≫Λ2QCD
4
5
훼
훼푆 (푞2)
. (2)
Since at the 휓(2푆) mass, as well as at the 퐽∕휓 mass [2],
the regime cannot be considered completely perturbative,
we treat 푅1 and 푅2 as free parameters to be determined bymeans of a fitting procedure.
In our model we assume that, for the SU(3) octet, there is
R. Baldini Ferroli et al.: Preprint submitted to Elsevier Page 2 of 7
Amplitudes separation and strong-electromagnetic relative phase in the 휓(2푆) decays into baryons
Table 1
Parameterizations of the  decay amplitudes.
 푔푔푔 푔푔훾 훾
Σ0Σ0 (퐺0 + 2퐷푚)푒푖휑 0 퐷푒
ΛΛ (퐺0 − 2퐷푚)푒푖휑 0 −퐷푒
ΛΣ0+ c.c. 0 0
√
3퐷푒
푝푝 (퐺0 −퐷푚 + 퐹푚)푒푖휑 푔푔푔푝푝 푅1 퐷푒 + 퐹푒
푛푛 (퐺0 −퐷푚 + 퐹푚)푒푖휑 0 −2퐷푒
Σ+Σ− (퐺0 + 2퐷푚)푒푖휑 푔푔푔Σ+Σ−푅2 퐷푒 + 퐹푒
Σ−Σ+ (퐺0 + 2퐷푚)푒푖휑 푔푔푔Σ−Σ+푅2 퐷푒 − 퐹푒
Ξ−Ξ+ (퐺0 −퐷푚 − 퐹푚)푒푖휑 푔푔푔Ξ−Ξ+푅1 퐷푒 − 퐹푒
Ξ0Ξ0 (퐺0 −퐷푚 − 퐹푚)푒푖휑 0 −2퐷푒
only one relative phase, 휑, among the strong and the EM
amplitudes. Moreover, the strong and the mixed amplitudes
are assumed to be relatively real, i.e., also the two ratios 푅1and 푅2 are supposed to be real.
4. Electromagnetic couplings and 휒2
definition
The cross section for the annihilation 푒+푒− → 푝푝 at the
휓(2푆) mass can be calculated using the following formula
obtained by the BESIII Collaboration [10]
휎푒+푒−→푝푝
(
푀2휓(2푆)
)
=
6912휋훼2
(
푀2휓(2푆)+2푀
2
푝
)
푀12휓(2푆) GeV
−8
⋅
[
ln2
(
푀2휓(2푆)
0.522 GeV2
)
+휋2
]−2
.
Using the obtained value it is possible to calculate the EM
BR for the decay 휓(2푆)→ 푝푝 by [3]
BR훾푝푝 = BR휇휇
휎푒+푒−→푝푝
(
푀2휓(2푆)
)
휎0푒+푒−→휇+휇−
(
푀2휓(2푆)
) , (3)
where BR휇휇 is the BR of the decay 퐽∕휓 → 휇+휇−, and
휎0푒+푒−→휇+휇− (푞
2) represents the bare 푒+푒− → 휇+휇− cross sec-
tion
휎0푒+푒−→휇+휇− (푞
2) = 4휋훼
2
3푞2
.
By using the PDG value [1] BR휇휇 = (8.0 ± 0.8) × 10−6, weobtain
BR훾푝푝 = (2.2 ± 1.5) × 10
−6 , (4)
reported in the last row of Table 2.
We define the 휒2 function referred to the set of baryons for
which there are available data, see Table 2, as
휒2 (휉) =
∑

⎛⎜⎜⎝
BRth − BR
exp

훿BRexp
⎞⎟⎟⎠
2
+
⎛⎜⎜⎝
BR훾,th푝푝 − BR
훾
푝푝
훿BR훾푝푝
⎞⎟⎟⎠
2
, (5)
Table 2
Branching ratios data from PDG [1]. The last two rows are
from BESIII experiment [11, 10].
Decay process Branching ratio Error
휓(2푆) → Σ0Σ0 (2.35 ± 0.09) × 10−4 3.83%
휓(2푆) → ΛΛ (3.81 ± 0.13) × 10−4 3.41%
휓(2푆) → ΛΣ0 + c.c. (1.23 ± 0.24) × 10−5 19.5%
휓(2푆) → 푝푝 (2.94 ± 0.08) × 10−4 2.72%
휓(2푆) → 푛푛 (3.06 ± 0.15) × 10−4 4.90%
휓(2푆) → Σ+Σ− (2.32 ± 0.12) × 10−4 5.17%
휓(2푆) → Ξ−Ξ+ (2.87 ± 0.11) × 10−4 3.83%
휓(2푆) → Ξ0Ξ0 (2.73 ± 0.13) × 10−4 4.76%
휓(2푆) → 훾 → 푝푝 (2.2 ± 1.5) × 10−6 68.2%
Table 3
Best values of the parameters, for the 휓(2푆) meson, describing
the decay  amplitudes, see Table 1, obtained by minimizing
the 휒2 defined in Eq. (5), using the data reported in Table 2.
휒2∕푁dof 0.035
퐺0 (4.580 ± 0.060) × 10−3 GeV
퐷푒 (5.37 ± 0.52) × 10−4 GeV
퐷푚 (−3.95 ± 0.49) × 10−4 GeV
퐹푒 (−1.84 ± 0.70) × 10−4 GeV
퐹푚 (−1.13 ± 0.50) × 10−4 GeV
휑 1.02 ± 0.15 = (58 ± 8)◦
푅1 (−15.3 ± 2.8) × 10−2
푅2 (2.1 ± 4.1) × 10−2
where 휉 is the set of parameters
휉 = {퐺0, 퐷푒, 퐷푚, 퐹푒, 퐹푚, 푅1, 푅2, 휑} ,
and the sum runs over the baryon pairs of the set
={Σ0Σ0,ΛΛ, 푝푝, 푛푛,Ξ0Ξ0,Ξ−Ξ+,ΛΣ0+c.c.,Σ+Σ−} .
The minimization is performed with respect to the eight pa-
rameters of the set 휉 using the data reported in Table 2. The
theoretical BRs, BRth and BR
훾,th
푝푝 , are given by combina-tions of these parameters as shown in Table 1.
5. 휓(2푆) results
The results of the 휒2 minimization are reported in Ta-
ble 3, the errors have been obtained by means of a Monte
Carlo procedure. For comparison we have reported also,
in Table 4, the related results obtained for the 퐽∕휓 meson,
where the 1-푅 hypothesis, i.e., 푅 = 푅1 = 푅2, was in goodagreement with the data.
The BRs are reported in Table 5, together with the corre-
sponding experimental values. The obtained value for the
BR of the unobserved decay 휓(2푆) → Σ−Σ+ represents a
prediction of the model.
The minimum normalized 휒2 is
휒2
(
휉best
)
푁dof
= 0.035 , (6)
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Table 4
Best parameters obtained for the 퐽∕휓 meson under the 1-푅
hypothesis [2].
휒2∕푁dof 1.33
퐺0 (5.73511 ± 0.0059) × 10−3 GeV
퐷푒 (4.52 ± 0.19) × 10−4 GeV
퐷푚 (−3.74 ± 0.34) × 10−4 GeV
퐹푒 (7.91 ± 0.62) × 10−4 GeV
퐹푚 (2.42 ± 0.12) × 10−4 GeV
휑 1.27 ± 0.14 = (73 ± 8)◦
푅 (−9.7 ± 2.1) × 10−2
where the number of degrees of freedom is푁dof = 푁const −
푁param = 1, having nine constraints, 푁const = 9, and eightfree parameters,푁param = 8.The significance of the different mixed-to-strong amplitude
ratios in the description of the 휓(2푆) decay mechanism can
be verified by comparing the normalized 휒2’s, obtained in
the case where푅1 and푅2 are considered as free parameters,Eq. (6), to that in which they are considered equal each other,
푅1 = 푅2 = 푅. The minimum normalized 휒2 is
휒2
(
휉′best
)
푁 ′dof
= 14.32
2
= 7.16 , (7)
with the single ratio
푅 = −0.077 ± 0.029 (8)
and where
휉′ = {퐺′0, 퐷
′
푒, 퐷
′
푚, 퐹
′
푒 , 퐹
′
푚, 푅, 휑
′} ,
is the set of the best values of the parameters obtained in this
case, with푁 ′dof = 푁dof + 1 = 2.Despite the quite low number of degrees of freedom we ob-
tain the 푝-values
푝(0.035; 1) = 0.852 , 푝(14.32; 2) = 7.77 × 10−4 ,
that represent the probabilities to obtain by chance 휒2 =
0.035 and 휒2 = 14.32, with one and two degrees of free-
dom respectively, if the model is correct. This represents a
very clear indication in favor of the hypothesis of two differ-
ent ratios, 푅1 and 푅2.Even though the휒2 is relatively high, the ratio given in Eq. (8)
could be considered as the representative mean value for the
mixed-to-strong amplitude ratios for the decays of the휓(2푆)
meson into baryon pairs, under the 1-푅 hypothesis. This
value splits properly into 푅1 and 푅2 reported in the last tworows of Table 3. The value of Eq. (8) should be compared
with the corresponding one obtained for the 퐽∕휓 meson, i.e.,
푅 = −0.097±0.021, see the last row of Table 4. The moduli
of the two ratios differ from the asymptotic QCD prediction
of Eq. (2), i.e., |푅pQCD| ∼ 0.030. Naively, assuming a scal-ing proportional to the squared mass ratio, we obtain that
starting from the energy squared
퐸2pQCD ∼ 22 GeV
2 ,
Table 5
Input and output values of the BRs and their discrepancies, for
the 휓(2푆) meson, obtained under the 2-푅 hypothesis.
 BRexp × 104 BR × 104 Discr. (휎)
Σ0Σ0 2.35 ± 0.09 2.35 ± 0.16 0
ΛΛ 3.81 ± 0.13 3.81 ± 0.21 0
ΛΣ0 + c.c. 0.120 ± 0.024 0.125 ± 0.019 0.088
푝푝 2.94 ± 0.08 2.94 ± 0.23 0
푛푛 3.06 ± 0.15 3.05 ± 0.25 0.066
Σ+Σ− 2.32 ± 0.12 2.32 ± 0.23 0
Ξ−Ξ+ 2.87 ± 0.11 2.86 ± 0.23 0.089
Ξ0Ξ0 2.73 ± 0.13 2.74 ± 0.21 0.076
훾 → 푝푝 0.0216 ± 0.0019 0.0216 ± 0.0068 0
Σ−Σ+ / 2.57 ± 0.26 /
Figure 2: Comparison of BRs (experimental input vs model
predictions) obtained under the 1-푅 hypothesis (upper panel)
and 2-푅 hypothesis (lower panel). The red points are from
Table 2, while the black ones are the corresponding values
obtained as outcomes of the minimization process. The errors
are obtained by means of a Monte Carlo procedure.
the QCD regime can be considered perturbative, as shown
in Fig. 3.
In the second and third and columns of Table 5 we report the
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10 15 20 25
0.02
0.04
0.06
0.08
0.10
0.12
푞2
|푅|
푀2퐽∕휓 푀
2
휓(2푆) 퐸
2
pQCD
|푅pQCD| = 4훼5훼푆 (푞2)
Figure 3: An estimation of the energy region for the transition
to the perturbative QCD regime. The black line represents the
pQCD prediction for the modulus of the ratio defined in Eq. (2).
Table 6
Strong (second column), EM (third column) and mixed (fourth
column) BRs for the 휓(2푆) meson under the 2-푅 hypothesis.
 BR푔푔푔 × 104 BR훾 × 105 BR푔푔훾 × 105
Σ0Σ0 2.01 ± 0.12 0.41 ± 0.79 0
ΛΛ 4.22 ± 0.18 0.43 ± 0.81 0
ΛΣ0+ c.c. 0 1.25 ± 0.24 0
푝푝 3.74 ± 0.14 0.207 ± 0.098 0.90 ± 0.33
푛푛 3.73 ± 0.14 1.85 ± 0.35 0
Σ+Σ− 2.02 ± 0.12 0.186 ± 0.088 0.043 ± 0.059
Σ−Σ+ 2.01 ± 0.12 0.73 ± 0.17 0.044 ± 0.060
Ξ−Ξ+ 3.31 ± 0.12 0.67 ± 0.16 0.80 ± 0.29
Ξ0Ξ0 3.33 ± 0.12 1.50 ± 0.29 0
input, output values of the BRs, while their discrepancy1 is
given in the fourth column.
A direct comparison between the BR discrepancies (input
data vs model predictions) for the 1-푅 and 2-푅 hypotheses
can be done by looking at Fig. 2. It is clear that the 2-푅
hypothesis is significantly better then the other one.
In Table 6 we report the single three contributions, purely
strong, purely EM and mixed strong-EM, to the total BR.
For a comparison, in Table 7 we show the corresponding
values obtained for the 퐽∕휓 meson.
A study of more general 3-푅 and 2-푅, with different subsets
of final states, hypotheses is given in appendix A. The results
confirm that, in the case of the 휓(2푆) meson, the optimal
choice is that of the only two ratios,푅1 and푅2 given Eq. (1).
1As usually we define the discrepancy between two values with errors
푥 ± 휎푥 and 푦 ± 휎푦 as
Discr. (휎) = |푥 − 푦|√
휎2푥 + 휎2푦
Table 7
Strong (second column), EM (third column) and mixed (fourth
column) BRs for the 퐽∕휓 meson [2] under the 1-푅 hypothesis.
 BR푔푔푔 × 103 BR훾 × 105 BR푔푔훾 × 105
Σ0Σ0 1.100 ± 0.030 0.902 ± 0.076 0
ΛΛ 2.020 ± 0.042 0.981 ± 0.083 0
ΛΣ0+ c.c. 0 2.83 ± 0.24 0
푝푝 2.220 ± 0.085 8.52 ± 0.89 2.19 ± 0.93
푛푛 2.220 ± 0.085 4.50 ± 0.38 0
Σ+Σ− 1.100 ± 0.030 6.86 ± 0.72 1.08 ± 0.46
Σ−Σ+ 1.090 ± 0.030 0.52 ± 0.20 1.07 ± 0.46
Ξ−Ξ+ 1.240 ± 0.052 0.43 ± 0.16 1.22 ± 0.52
Ξ0Ξ0 1.260 ± 0.053 2.99 ± 0.25 0
6. 퐽∕휓 results with 2-푅 hypothesis
We anticipate that the 1-푅 hypothesis, i.e., 푅 = 푅1 =
푅2, is a good level-zero assumption for the 퐽∕휓 decays. Theobtained 휒2 shown in Table 4, with 2 degrees of freedom,
since there were 9 constraints and 7 free parameters, is a sat-
isfactory result. We have applied the procedure based on
the 2-푅 hypothesis also to the 퐽∕휓 meson. By minimiz-
ing the 휒2 of Eq. (5), the best values for the parameters
퐺0, 퐷푒, 퐷푚, 퐹푒, 퐹푚, 휑 are essentially unchanged comparedto those obtained under the 1-푅 hypothesis [2], reported in
Table 4.
The unexpected result concerns the values obtained for 푅1and 푅2, being
푅1 = −0.098 ± 0.025 , 푅2 = 0.07 ± 0.11 ,
with a minimum normalized 휒2
휒2
(
휉best
)
푁dof
= 0.00074 ,
to be compared, see Table 4, with the single ratio under the
1-푅 hypothesis [2], i.e.,
푅 = −0.097 ± 0.021 ,
with a minimum normalized 휒2
휒2
(
휉′best
)
푁 ′dof
= 1.33 .
We observed a difference in the ratios for the charged sigma
baryons, as for the 휓(2푆) meson, but in a less evident way,
considering the 휒2 values and the errors obtained in the var-
ious cases.
In particular, also for the 퐽∕휓 meson, we estimate the sig-
nificance of the different mixed-to-strong amplitude ratios
by considering the following 푝-values
푝(2.65; 2) = 0.266 , 푝(0.00074; 1) = 0.979 ,
corresponding to the 1-푅 and 2-푅 hypotheses. These values
confirm the hypothesis, more evident in the 휓(2푆) case, of a
different behavior for the decays into charged sigma baryon.
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The only differencewith respect to the results obtained under
the 1-푅 hypothesis, see Table 7, is given by the BRs
BR푔푔훾
Σ+Σ−
= (1.9 ± 2.6) × 10−5 ,
BR푔푔훾
Σ−Σ+
= (2.0 ± 2.6) × 10−5 .
(9)
7. Conclusions
The study of the 휓(2푆) meson suggests a different be-
havior in the decays into spin 1/2 baryons with respect to
the 퐽∕휓 meson [2]. In particular, for the 퐽∕휓 meson the
휒2 minimization is satisfying with a parametrization of the
decay amplitudes in terms of seven the parameters 퐺0, 퐷푒,
퐷푚, 퐹푒, 퐹푚, 푅, 휑, see Table 1 with 푅 = 푅1 = 푅2, and nineconstraints, see Table 4.
The same procedure applied to the휓(2푆)meson gives worst
results with a relatively larger 휒2, see Eq. (7) and Fig. 2. As
consequence we introduced an additional degree of freedom
to separate the mixed-to-strong amplitude ratio in two pa-
rameters 푅1 for 푝푝, Ξ−Ξ+, and 푅2 for Σ+Σ−, Σ−Σ+.This choice is also supported by the results obtained under
more general hypotheses investigated in appendix A.
The new parametrization, detailed in Table 1, leads to a sat-
isfactory minimization of the 휒2, whose results are reported
in Table 3.
The application of this new approach to the 퐽∕휓 meson gave
results almost compatible with those of Table 4, with the ob-
vious exception of the new parameters 푅1 and 푅2.The obtained푅1 and the푅 value of Table 4 are quite similar,on the contrast 푅2 is also compatible with zero. These re-sults suggest a different behavior of the charged sigma baryons,
as for the 휓(2푆)meson, where the difference is significantly
more evident.
By comparing the obtained parameters for the 휓(2푆), see
Table 3, with those of the 퐽∕휓 , see Table 4, we observe that
the SU(3) symmetry breaking, represented by 퐷푚 and 퐹푚,plays a different role in the two cases. In particular, these pa-
rameters have the same sign in the case of the 휓(2푆), while
they have different sign in the case of the 퐽∕휓 . Similar dif-
ferences, due to the SU(3) breaking terms, have also been
observed by studying the angular distributions of the decays
into lambda and sigma baryons [4, 5].
The BRs obtained by the 휒2 minimization procedure are
fully in agreement with the corresponding input values, see
Table 5 and Fig. 2 (lower panel). Moreover, the BR value
BRΣ−Σ+ = (2.57 ± 0.26) × 10
−4 represents a prediction of
the model, since there are no available data.
In the휓(2푆) case, we obtained a strong-EM relative phase of
휑 = (58± 8)◦ and the confirmation that at this energy range
the QCD regime is still not completely perturbative. More-
over, by using both 퐽∕휓 and 휓(2푆) results we can identify
with 퐸2pQCD ∼ 22 GeV2 the energy region where the QCDbecomes perturbative, see Figure 3.
As done for the 퐽∕휓 meson, we separated, for the first time,
the strong, the EM and the mixed strong-EM contributions
to the total BR of the decays 휓(2푆) → . The obtained
values, see Table 6, can be compared to those of the 퐽∕휓
meson, see Table 7.
It is evident that the purely strong contribution to the total
BR is predominant in the case of the 퐽∕휓 with respect to
the 휓(2푆). In particular, the ratios of the EM and the strong
contributions to the total BR are of order 10−1 for the 휓(2푆)
and 10−2 for the 퐽∕휓 . Such ratios are compatible with the
decreasing trend suggested by the pQCD, when 푞2 ≫ Λ2QCD.In the case of the 휓(2푆) meson, the mixed strong-EM con-
tributions, see Table 6, are different for the two pairs of final
states: 푝푝, Ξ−Ξ+ and Σ+Σ−, Σ−Σ+. In particular, for the
first pair they are of the same order as the EM contributions.
On the other hand, for the charged sigma baryons, they are
at least one order of magnitude lower and compatible with
zero. A similar trend can be inferred, in a less evident way,
also by looking at the values of Eq. (9), which are compati-
ble with the corresponding values given in the Table 7, under
the 1-푅 hypothesis.
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A. Analysis of the 푛-푅 hypotheses
The parameter 푅 = 푔푔훾∕푔푔푔 , i.e., the ratio betweenthe mixed strong-EM and the strong amplitudes of the decay
휓(2푆) → , is defined only for the charged baryons, be-
ing푔푔훾 = 0 for neutral baryons.As a consequence, in the most general case, that is by con-
sidering the lower degree of degeneracy, we would have a
maximum of three ratios, namely: 푅푝, 푅Ξ and 푅Σ, one foreach charged-baryon species.
In case of degeneracy, instead, two ratios or even only one
common ratio can be considered. To summarize, in terms of
the degree of degeneracy, we have:
• no degeneracy, this is the so-called 3-푅 hypothesis
corresponding the single case
푅1 = 푅푝 ≠ 푅2 = 푅Σ ≠ 푅3 = 푅Ξ ;
• minimum degeneracy, 2-푅 hypothesis, under which
there are three cases, corresponding to the three pos-
sible identification of two out of three ratios,
푅1 =푅푝 = 푅Σ ≠ 푅2 = 푅Ξ ,
푅1 =푅Σ = 푅Ξ ≠ 푅2 = 푅푝 ,
푅1 =푅Ξ = 푅푝 ≠ 푅2 = 푅Σ ,
the last case, where the proton and the cascade have a
common ratio, is the most favored by the data;
• maximum degeneracy, 1-푅 hypothesis, that, as in the
case of no degeneracy, entails only one possibility, i.e.,
푅1 =푅푝 = 푅Σ = 푅Ξ .
R. Baldini Ferroli et al.: Preprint submitted to Elsevier Page 6 of 7
Amplitudes separation and strong-electromagnetic relative phase in the 휓(2푆) decays into baryons
Table 8
Comparison of the 휒2 values obtained under the hypotheses
of 3-푅 (one case), 2-푅 (three cases) and 1-푅 (one case) for
the 휓(2푆) meson. The symbol † indicates the ratios that have
a common value in the three cases considered under the 2-푅
hypothesis.
푅푝 푅Σ 푅Ξ 휒2 hypoth.
−0.077(29) 14.32 1-푅
−0.07(3)† −0.07(3)† −0.09(4) 14.07
2-푅−0.15(4) −0.06(3)† −0.06(3)† 8.04
−0.15(3)† 0.021(50) −0.15(3)† 0.035
−0.16(3) 0.018(48) −0.15(4) 6 × 10−7 3-푅
Table 9
Comparison of the 휒2 values obtained under the hypotheses
of 3-푅 (one case), 2-푅 (three cases) and 1-푅 (one case) for
the 퐽∕휓 meson. The symbol † indicates the ratios that have
a common value in the three cases considered under the 2-푅
hypothesis.
푅푝 푅Σ 푅Ξ 휒2 hypoth.
−0.097(21) 2.66 1-푅
−0.10(3)† −0.10(3)† −0.10(4) 2.64
2-푅−0.11(3) −0.08(4)† −0.08(4)† 2.35
−0.10(2)† 0.07(11) −0.10(2)† 7 × 10−4
−0.10(3) 0.07(10) −0.10(5) 6 × 10−4 3-푅
Tables 8 and 9 report the results for the ratios as well as the
휒2’s obtained in all the cases.
It is interesting to notice how, for the 휓(2푆) meson, the as-
sociation 푅1 = 푅Ξ = 푅푝, under the 2-푅 hypothesis (thirdcase in Table 8), appears as the most favored, not only in the
light of its lower 휒2, but also because such an association
is phenomenologically supported by the results of the most
general non-degeneracy case.
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